The influence of surfactant-based liner post-treatment on the wetting and nucleation characteristics of ultra-thin copper (Cu) films has been examined, employing ultra-thin atomic layer deposited (ALD) tantalum nitride (TaN x ) as liner material. This surfactant-based posttreatment consists of in-situ exposure of the liner to a metal-organic source containing a low surface free energy metal (Sn) surfactant, which is a potential candidate for enhancing the wetting of Cu on liner surfaces and subsequently suppressing island-type growth of Cu, due to both the high atomic volume and low surface free energy of the surfactant relative to Cu. A methodology involving thermally-enhanced de-wetting of Cu, promoted by annealing Cu/liner stacks in a forming gas (95% Ar, 5% H 2 ) ambient under several applied thermal budgets (annealing at 350ºC for 30 minutes, and at 600ºC for 4, 12, and 48 hrs, respectively), was utilized to both elucidate and quantify the wetting properties of Cu on liners, via detailed analyses of the surface morphology of annealed stacks by atomic force microscopy (AFM) and scanning electron microscopy (SEM). By comparing stacks containing ALD TaN x liners to those that contain post-treated ALD TaN x liners, this method allowed an evaluation of the effectiveness of surfactant-based liner surface post-treatments in inhibiting Cu de-wetting.
INTRODUCTION
As feature sizes of integrated circuitry (IC) for logic and memory applications continue to decrease, the reliable integration of back-end-of-line (BEOL) Cu interconnect metallization is facing challenges which pertain particularly to the inherent properties of metallic conductors at the nanometer scale. At the proposed 45 nm technology node, which is scheduled to be implemented in the year 2010 according to the 2001 edition of the International Technology Roadmap for Semiconductors, the wiring pitch at the local interconnect level will need to be reduced to 105 nm [1] . Hence reliable Cu interconnects at a width of approximately 50 nm will be required. Therefore, it is essential to investigate the extent to which anticipated key problems at these dimensions will become insurmountable, as well as to explore which potential solutions may alleviate these detrimental effects.
For Cu line widths below~100 nm, three factors contribute to an increase in resistivity above the bulk value: the influence of the surface roughness of Cu interconnects, the presence of grain boundaries within Cu interconnects, and so-called surface scattering [2] . This latter effect, the scattering of electrons at surfaces, is a fundamental issue for metallic conductors: at conductor dimensions near and below the bulk mean free path of electrons in the metal, the probability that conduction electrons scatter at the boundary surfaces increases, inhibiting charge carrier transport and thus increasing resistivity. In Cu, the bulk mean free path of electrons is approximately 40 nm [3] , i.e. the effect of surface scattering will become significant for Cu interconnects with dimensions near and below 40 nm. The other two effects, the influence of surface roughness and grain boundaries, are morphological in nature: there are, in principle, no physical laws that limit the extent to which scattering of electrons due to these structural imperfections can be reduced. The key to reducing these morphological contributions lies in identifying appropriate materials and process solutions, while ensuring compatibility with current IC manufacturing methods. For example, the ultimate solution in terms of reducing the influence of grain boundaries on resistivity [4] of Cu lines would be the realization of monocrystalline Cu interconnects. This scenario seems unlikely, however, given the presently adopted and well-established deposition technologies for Cu interconnects in IC manufacturing (PVD Cu seed layer and subsequent Cu fill via ECD yielding polycrystalline Cu). The implementation of viable materials and process solutions for reducing the surface roughness of Cu lines may demonstrate to be more feasible. In accordance with the classical FuchsSondheimer theory for the resistivity of thin metal films [5] , the scattering of electrons due to surface roughness is minimized for perfect, atomically smooth interfaces. This scattering is characterized by the so-called specularity parameter p which indicates the fraction of electrons scattered elastically at the surface, and may depend on the angle of incidence of the electron's wave vector and the surface [6] . In the ideal case, i.e., for atomically smooth interfaces, p approaches unity.
The present study explores a potential pathway for reducing the surface roughness of the Cu/liner interface by investigating surfactant-based methods for enhancing the wetting properties of Cu on liner surfaces. Understanding and quantifying the influence of a surfactant on the wetting behavior of Cu is a first step towards employing such surfactant as a means of suppressing island-type growth of Cu, via so-called surfactant-assisted growth [7] .
EXPERIMENTAL DETAILS
Employing a previously optimized metal-organic ALD TaN x liner process [8] , Cu/liner stacks were deposited and used as a baseline for examining Cu wetting properties. The surfactant process utilized in this study consisted of thermal decomposition at 450ºC of a metal-organic Sn source, tetramethyltin (TMT), in-situ on ALD TaN x in order to obtain Sn on the liner surface, prior to the deposition of Cu. The extent of Cu de-wetting that occurs upon thermal annealing at a certain applied thermal budget (350ºC for 30 minutes) was investigated as a function of asdeposited Cu film thickness. Thermal annealing was performed in a forming gas (95% Ar, 5% H 2 ) ambient at a pressure of~600 Torr. In order to quantify Cu de-wetting, the applied thermal budget was increased to 600ºC (for 4, 12, and 48 hrs.), and an experimental methodology which exploits the formation of Cu crystallites or so-called equilibrium crystal shapes (ECS) was followed, allowing a comparison to be made between the wetting of Cu on ALD TaN x and on surfactant-based post-treated ALD TaN x . This method, commonly referred to as solid-state wetting [9] , is essentially the solid-state analog of sessile drop experiments that are generally employed to quantify the wetting properties of liquid metals on a diversity of surfaces. The average contact angle of the Cu crystallites formed was determined by measuring a significant number of contact angles using secondary electron images obtained via scanning electron microscopy (SEM) analysis. Atomic force microscopy (AFM) was utilized to estimate the average crystallite size after solid-state wetting experiments with ultra-thin Cu films.
RESULTS
It is well known that, upon thermal annealing, Cu films de-wet from typically employed liner surfaces such as refractory metals and refractory metal nitrides. Experimental data illustrating this tendency for Cu films (100, 40, and 20 nm in thickness) is given in figure 1 . The phenomenon of de-wetting of metals has received attention in the past via wetting studies of solid metal-on-metal, metal-on-ceramic and metal-on-graphite systems, by means of solid-state wetting experiments [9, 10] . Provided that a significant difference in melting temperature exists between the metal and substrate under investigation (in this case Cu and TaN, respectively), this method allows quantification of the wetting properties of the metal on a given substrate: the metal crystallites that will form at equilibrium display contact angles θ with the substrate within a narrow range, indicative of either complete wetting of metal-on-substrate (θ=0), complete non-wetting (θ=180º) or anywhere in between.
It is important to choose an appropriate annealing temperature for performing solid-state wetting experiments with Cu: in order to obtain equilibrium Cu crystallites within a reasonable amount of time this temperature should be sufficiently high. In the literature values from 0.7T m to T m (where T m is the melting temperature of the metal) are typically reported. Also the initial as-deposited Cu film thickness is a key parameter since the time required to attain equilibriumshape crystallites scales with the film thickness: for a given thermal budget, it may take prohibitively long for equilibrium conditions to occur. For example, after employing a 600ºC anneal for 48 hrs, as carried out in this study, equilibrium crystal shapes are present for 20 nm asdeposited Cu as seen in figure 2. However, for 100 nm as well as 40 nm as-deposited Cu, none or very few equilibrium-shape crystallites are observed. When reducing the as-deposited Cu film thickness further to 8 nm and 5 nm, respectively, similar behavior is observed (see figure 3) . AFM provides data on the average crystallite size and spacing between crystallites, thus an average surface coverage of the Cu crystallites can be obtained. For the annealed 8 nm and 5 nm Cu films seen in figure 3 , the average crystallite size is~250 nm and~150 nm, respectively. The number of crystallites per square micrometer present on the TaN surface is approximately 2500 and 5500, respectively. The influence of the Sn surfactant on the wetting properties of Cu on ALD TaN x was characterized by comparing the contact angles of Cu crystallites which formed after annealing 20 nm Cu films at 600ºC for 48 hrs, as displayed in figure 4 . For Cu deposited directly on ALD TaN x (no surfactant), an average contact angle of 75-90º was measured, while the average contact angle on surfactant post-treated ALD TaN x was less than 70º. In addition, the Cu crystallite shape on surfactant post-treated ALD TaN x was observed to be more planar than on ALD TaN x , indicating that the employed Sn surfactant may inhibit Cu de-wetting.
CONCLUSIONS
Employing thermal annealing to encourage Cu de-wetting, the wetting of Cu on ALD liner surfaces has been investigated. It has been shown that a solid-state wetting methodology may provide useful quantification of the wetting of Cu on liner surfaces, and preliminary contact
